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Abstract 
We describe the sample of energetic single-photon events (E, > 15 GeV) collected by L3 in the 1991-1993 LEP runs. 
The event distributions agree with expectations from the Standard Model. The data are used to constrain the ZZy coupling 
and to set an upper limit of 4.1 x 10-6p~ (90% CL.) on the the magnetic moment of the T neutrino. 
1. Introduction 
The study of events produced in electron-positron 
collisions at the Z resonance, in which the only final- 
state particle detected is a photon, is sensitive to a 
variety of new physics processes. New processes con- 
tributing to the invisible width Iin” of the Z may be 
detected by counting single-photon events which arise 
from Z decay into stable, weakly interacting particles 
accompanied by a photon from initial-state radiation 
[ 1,2]. For center-of-mass energies near the Z reso- 
nance, the energy carried by photons from initial-state 
radiation tends to be a few GeV or less. A number 
of new physics models, e.g. supersymmetric models 
and compositeness models, also predict single-photon 
events in which the photon couples directly to the Z or 
is produced by a radiative transition in the final state 
[ 3-81. In contrast to Z decay into invisible particles 
accompanied by a photon from initial-state radiation, 
the energy carried by these photons is typically a siz- 
able fraction of the beam energy over a large region 
of the model parameter space. 
We report below on the search for energetic single- 
photon events (E, > 15 GeV) in the data collected by 
L3 at LEP in 1991-1993. The energetic single-photon 
candidates are described in terms of their distributions 
’ Supported by the German Bundesministerium fiir Forschung 
und Technologie. 
* Supported by the Hungarian OTKA fund under contract number 
2970. 
) Also supported by CONICET and Universidad National de La 
Plata, CC 67, 1900 L.a Plata, Argentina. 
4 Deceased. 
in energy and polar angle and compared with expec- 
tations from Standard Model processes. We interpret 
our data in terms of the r neutrino magnetic moment 
and the ZZy coupling. Limits on new physics pro- 
cesses from energetic single-photon searches in data 
collected by L3 in 1990 and 1991 have been published 
previously [ 9, lo]. 
2. The L3 detector 
The L3 detector is described in detail in [ 111. Cen- 
tral tracking is performed by a Time Expansion Cham- 
ber (TEC) consisting of two coaxial cylindrical drift 
chambers with 12 inner and 24 outer sectors. The elec- 
tromagnetic calorimeter is composed of bismuth ger- 
manate (BGO) crystals with coverage in polar an- 
gle from 11.4” to 168.6” except for gaps spanning 
35.2”-42.3” and 137.7”-144.8’. Hadronic energy de- 
positions are measured by a uranium-proportional wire 
chamber sampling calorimeter (HCAL) surrounding 
the BGO and extending to within 6” of the beam- 
line. Active lead rings ( ALR) of lead-scintillator sand- 
wich construction are used to detect photons and elec- 
trons between 4.5 and 8.0 degrees from the beamline. 
Scintillator timing counters are located between the 
electromagnetic and hadronic calorimeters. The muon 
spectrometer, located outside the hadron calorimeter, 
comprises three layers of drift chambers measuring the 
muon trajectory in both the bending (Y - 4) and non- 
bending (z ) planes. These subdetectors are installed 
inside a large magnet which provides a uniform field 
of 0.5 Tesla. BGO arrays mounted on either side of the 
194 L3 Collaboration /Physics Letters B 346 (1995) 19&l 98 
detector are used for luminosity measurement. Their 
polar angle coverage is between 1.5” and 3.9’ with 
respect to the beamline. 
3. Event selection 
Event selection was carried out on the data sam- 
ple collected by L3 during the 1991-1993 LEP runs. 
The L3 detector triggered on energetic single-photon 
events using the logical OR combination of the BGO 
energy triggers, described in detail in [ 121. 
The experimental signature is an energetic, elec- 
tromagnetic shower in the BGO and an otherwise 
“empty” detector as defined below. In addition to pos- 
sible new physics processes, events with this signature 
can occur due to (a) neutrino pair production accom- 
panied by initial-state radiation, (b) QED events, e.g. 
e+e- -+ e+e-y , in which all final-state particles but 
the photon are outside the active volume of the de- 
tector, and (c) out-of-time cosmics. The number of 
events from process (a) can be reduced by taking ad- 
vantage of the fact that initial-state radiation tends to 
be emitted along the beam direction and/or has en- 
ergy which is typically of the order of Fz. Events from 
process (b) can be eliminated by requiring the pho- 
ton energy and production angle to be large enough 
so that by momentum conservation at least one other 
final-state particle is well within the active detector 
volume. Applying cuts on the shape of the shower is 
effective for reducing the contribution from cosmics. 
In order to suppress contributions from processes (a) - 
(c) while retaining good acceptance for new physics 
processes, the following requirements were applied to 
the most energetic cluster found in the BGO: 
- The energy of the BGO cluster must be greater than 
15 GeV and its polar angle must lie in the range 
20” < 0 < 160” (excluding the gap regions 34.5’ 
< 19 < 44.5” and 135.5” < 0 < 145.5”). 
- The transverse shape of the cluster must be consis- 
tent with a photon originating from the interaction 
point. 
Apart from the energetic BGO cluster selected by the 
above cuts, the detector was required to be “empty” 
as defined by the following criteria. There must be 
no additional BGO clusters present comprised of 3 or 
more crystals with the most energetic crystal deposit 
exceeding 100 MeV. The energy detected in the other 
calorimeters must be attributable to noise or shower 
leakage from the BGO. There must be no tracks in the 
TEC and not more than one layer of the muon cham- 
ber containing reconstructed segments. The position 
and timing of the scintillator hits must be consistent 
with shower leakage or random noise. The “empty” 
detector cuts rejected beam-gas interactions, hadronic 
and charged leptonic decays of the Z, and QED events 
with two or more final-state particles within the accep- 
tance. Cosmics were further suppressed by the cuts in- 
volving the scintillator counters and muon chambers. 
We tuned the selection and evaluated its efficiency 
using Monte Carlo, random trigger events, and large- 
angle e+e- + e+e- events. The trigger efficiency was 
measured by simulation following a procedure similar 
to the one used to measure our trigger efficiency for 
low-energy single-photon events [ 131. The average 
trigger and selection efficiency combined was found 
to be 83f2% for those single-photon events passing 
the fiducial cuts on energy and angle listed above for 
the energetic BGO cluster. Of the total 17% ineffi- 
ciency, 5% is due to the trigger, 4% to the “empty” 
detector cuts vetoing the event because of noise, and 
the remainder mainly to cuts on the shower shape, ad- 
ditional clusters in the BGO, and tracks in the TEC. 
The efficiency is independent of photon energy for the 
range of interest and is constant to within f5% in po- 
lar angle. In terms of equivalent integrated luminosity 
collected at the peak of the Z resonance, the data sam- 
ple on which we conducted our search corresponds to 
50.8 pb-t . (The equivalent integrated luminosity at 
the peak is the sum of integrated luminosities collected 
at center-of-mass energies between 88.5 and 93.8 GeV, 
weighted by c+A(e+e- + hadrons) /LTpeA( efe- --+ 
hadrons) .) 
A total of 9 events were found by our selection. The 
distributions of the photon energy and the cosine of its 
polar angle are shown in Fig. 1. Also shown are the 
Standard Model expectations from production of neu- 
trino pairs accompanied by initial-state radiation, ra- 
diative Bhabha events, and annihilation into two pho- 
tons accompanied by initial-state radiation. (The lat- 
ter two processes contribute only in the data recorded 
before the installation of the ALR, corresponding to 
about 20% of the total data sample.) Background due 
to cosmics is negligible. The observed distributions are 
consistent with Standard Model predictions. The total 
number of events expected from the Standard Model 
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Fig. 1. (a) Distribution in energy of single-photon candidate events 
together with expectations from Standard Model processes. (b) 
The cos BY spectrum of the single-photon candidates. 
is 8.2. If one instead requires that the photon energy 
be greater than half the beam energy, 1 event ( Ey = 
30.2 GeV, cos 0, = -0.32) is selected from the data 
and 1.2 events are expected from the Standard Model 
in the v?,y channel. 
4. Constraints on the vT magnetic moment and 
ZZy coupling 
4.1. v, magnetic moment 
The magnetic moment, ,z~, of the r neutrino is im- 
portant for understanding the neutrino’s basic nature 
and also for its relevance to issues such as whether or 
not a massive r neutrino could be an important com- 
1~ -- ..,.... j _Ib 
0 ” ’ 
15 20 25 30 35 40 45 
E, @VI 
J 
Fig. 2. The energy spectra of single-photon events expected in our 
search from (a) the Standard Model only (solid histogram), (b) 
the Standard Model modified to give the r neutrino a magnetic 
moment of the magnitude indicated (dashed histogram), and (c) 
the Standard Model extended to include an anomalous ZZy cou- 
pling (dotted histogram). The points show the energy spectrum 
of the single-photon candidates found in the search. 
ponent of dark matter [ 14,8,15]. The production of 
single-photon events at efee colliders is sensitive to 
p, [ 815,161. At LEP energies, the dominant mech- 
anism for the production of single-photon events via 
the magnetic moment interaction of the r neutrino is 
radiation of a photon from the final-state neutrino or 
anti-neutrino. The dashed histogram in Fig. 2 indi- 
cates the energy distribution of single-photon events 
that would be expected if CL, were equal to 5 x 10e6pLB 
where &r is the Bohr magneton. Since the photon is 
on-shell, the production rate depends on the magnetic 
moment form factor at q2 = 0. We consider only the 
r neutrino here because more stringent experimental 
upper bounds on the magnetic moments of the elec- 
tron and muon neutrinos already exist [ 171. 
To derive an upper limit on the magnetic moment, 
we assumed that for high photon energies the con- 
tributions due to the magnetic moment interaction 
and to the production of neutrino pairs accompanied 
by initial-state radiation do not interfere appreciably. 
Under this assumption, the additional production of 
single-photon events due to a v/7 magnetic moment 
varies as &. Starting from the differential Born cross 
section given in [ 161, we calculated the number of 
events expected as a function of p,, taking into ac- 
count the center-of-mass energy, the geometric accep- 
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tance of our selection cuts, the combined trigger and 
selection efficiency, and initial-state radiation. The 
upper limit on the excess number of events allowed 
by our data was determined from Poisson statistics 
for the observed number of events and the expected 
Standard Model background. Requiring the photon 
energy to be greater than one half the beam energy, 
we obtain the limit 
p,, < 4.1 x lo-6f_Q 
at the 90% CL. 
The above bound applies to both static and transition 
magnetic moments. It is comparable with the bound 
of 4x 10e6ps (90% C.L.) from low-energy experi- 
ments [ 151 and 3.4x 10e6~s (90% C.L.) ’ from the 
invisible width of the Z; with respect to these bounds 
it is unique in being a direct limit on the magnetic mo- 
ment at q2 = 0. The above bound is an order of mag- 
nitude weaker than that derived from a beam-dump 
experiment [ 191, but this limit requires assumptions 
on the D,$ production cross section and its branching 
ratio into TV,, which are not yet measured. 
4.2. ZZy coupling 
Energetic single-photon events are also sensitive 
to the ZZy coupling. The self-couplings of the elec- 
troweak gauge bosons are a prominent feature of the 
Standard Model. While WWy and WWZ couplings 
have received the most attention, the corresponding 
importance of searching experimentally for couplings 
between the neutral gauge bosons has also been noted 
15,201. Taking the ZZy coupling in particular, the 
most general vertex function invariant under Lorentz 
and electromagnetic gauge transformations can be de- 
scribed in terms of four independent dimensionless 
5 This limit was calculated in an approach similar to that taken 
in [ I8 ] The experimental value for the invisible width of the Z 
was taken from Particle Data Group, Review of Particle Proper- 
ties, Phys. Rev. D 50 ( 1994) 1173. The theoretical error on the 
Z invisible width was determined by running ZPITTER for the 
Standard Model with various choices of parameters. The mass of 
the top quark was varied according to a normal distribution cen- 
tered at 174 GeV with a 16 GeV standard deviation. The Higgs 
mass was drawn from a box distribution between 60 and 1000 
GeV. The Z mass. nCm. and CI,~ were chosen from normal distribu- 
tions with mean and standard deviations 91.187 GeV. 0.007 GeV; 
0.0078 19, O.OOOOO7; and 0.123, 0.006, respectively. The theoreti- 
cal and experimental errors were summed linearly. 
form factors, denoted by hf, i = 1,2,3,4. The contri- 
butions involving hf and h; are CP-violating while 
those involving the other pair of form factors are CP- 
conserving. As is well known, all four form factors 
are zero at the tree level in the Standard Model. At 
the one-loop level, hf and hf are zero while the CP- 
conserving form factors are nonzero but too small 
(e.g. hf M 10p4) to lead to observable effects at any 
present or planned experiment. Thus observation of a 
ZZy coupling would signal physics beyond the Stan- 
dard Model. 
For e+e- annihilations at the Z resonance, the 
single-photon event topology is obtained for the case 
in which the photon is real and the final-state Z decays 
into neutrinos. The ZZy coupling would be manifest 
in the photon energy spectrum as an enhancement 
which becomes visible at E, - 15 GeV and increases 
monotonically with energy until near the kinematic 
limit. This is illustrated by the dotted histogram plot- 
ted in Fig. 2 representing the case where hf N I. In 
order to set Iimits on the form factors hf’, we follow 
[ 211 in adopting the parameterization 
hf = hi/(1 + (P*/@))“’ 
where P is the four-momentum of the initial-state Z, 
and h& AZ and ni are parameters. The parameter h$ 
is the strength of the coupling in the low-energy limit 
and Az may be interpreted as the energy at which 
the dynamic properties of the new physics underlying 
the anomalous coupling become visible. For further 
definiteness, also following [21], we take nl = n3 = 
3.0 and n2 = n4 = 4.0. With this choice of exponents 
the terms proportional to hfO and h$ have the same 
high-energy behavior as those proportional to h& and 
hf,,; it should also be noted that unitarity requires that 
nl,ng > 1.5 and n2,n4 > 2.5 regardless of the choice 
of h$ and Az. 
To obtain upper limits on the ZZy coupling, events 
were generated for various combinations of ZZy form 
factors and passed through the detector simulation 
and analysis programs. (Initial-state radiation was ac- 
counted for in the event generation procedure.) The 
results were used to parameterize the number of events 
expected in terms of combinations of hg for differ- 
ent choices of scale AZ. As in the case of r neutrino 
magnetic moment, limits were obtained requiring the 
photon energy to be greater than half the beam energy. 
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Fig. 3. Upper limits at the 95% C.L. on the ZZy coupling from 
L3 single-photon data for two different values of AZ. The cor- 
responding limits from unitarity are indicated. Also shown is the 
95% upper limit contour for AZ = 0.5 TeV obtained by CDF 1221 
from study of the reaction pd - !++U-yX. 
Fig. 3 shows 95% C.L. limit contours from the L3 
single-photon data in the h& - h$ (h& - /I.$,) plane 
for scales 0.5 TeV and 1 .O TeV. There is not much vari- 
ation with scale, as expected if Az is large compared 
to mz. Also displayed are the constraints imposed by 
the requirement that the cross sections respect unitar- 
ity at all energies. The unitarity limit is very sensi- 
tive to scale, decreasing as Ag3 along the h&-axis and 
as A24 along the h&-axis for our choice of ni. The 
CDF collaboration has recently reported limits on the 
ZZy coupling [ 221 for an assumed scale of 0.5 TeV 
obtained from study of the reaction pp -+ e’&-yX. 
These are also plotted in Fig. 3. The L3 and CDF limit 
contours appear rotated with respect to each other be- 
cause, as the effective center-of-mass energy varies 
from mz (LEP) to the range of a few hundred GeV 
(Tevatron), the contributions to the amplitude from 
terms involving Izf (hf ) rise steeply relative to those 
from terms involving hf (hf ). 
To obtain the limits shown in Fig. 3, the form factor 
11: ( hf ) has been assumed real relative to It: (/zg ) . 
In this case, the contributions from the two form fac- 
tors interfere, as is evident from Fig. 3. On the other 
hand, the contributions of the form factors add inco- 
herently if one member of the pair is chosen to be 
imaginary with respect to the other or if one member of 
the pair is CP-conserving and the other CP-violating. 
The L3 limit contours at the 95% C.L. for pairs of 
non-interfering form factors can be determined from 
the axis intercepts in Fig. 3, which correspond to the 
limits on the associated form factor with all the other 
form factors assumed to be zero. For example, for 
A~=05 TeV, the I& axis intercepts are f0.85 and the 
II&, axis intercepts are f2.30. Thus the limit contour 
in the h$, - h& plane would be an ellipse with major 
and minor axes parallel to the h.$, and h$, axes, re- 
spectively, intercepting the h& and h$, axes at f2.30 
and kO.85, respectively. 
5. Summary 
We have reported on the search for energetic single- 
photon events in the data collected by L3 during 199 l- 
1993 and have shown that the characteristics of the 
events found are consistent with what is predicted by 
the Standard Model. We have used the results to set 
an upper limit on the T neutrino magnetic moment of 
4.1 x 1 0e6p~ at the 90% C.L. and to constrain the ZZ? 
coupling. 
Acknowledgments 
We are grateful to Ulrich Baur for providing a pro- 
gram to calculate e+e- -+ vc’y cross sections in the 
presence of anomalous Zy couplings. For allowing us 
to show their limits on the ZZy coupling prior to pub- 
lication, we thank the CDF collaboration. We wish to 
express our gratitude to the CERN accelerator divi- 
sions for the excellent performance of the LEP ma- 
chine. We acknowledge the contributions of all the 
engineers and technicians who have participated in 
the construction and maintenance of this experiment. 
Those of us who are not from member states thank 
CERN for its hospitality and help. 
References 
III A.D. Dolgov, L.B. Okun and V.I. Zakharov, Nucl. Phys. B 
41 (1972) 197; 
E. Ma and J. Okada, Phys. Rev. Lett. 41 (1978) 287; 
K.J. Gaemers, R. Gastmans and FM. Renard. Phys. Rev. 
D19 (1979) 1605: 
G. Barbiellini. B. Richter and J. Siegrist, Phys. Lett. B 106 
(1981) 414. 
198 L3 Collaboration /Physics Letter.7 B 346 (1995) 190-198 
(21 ALEPH Collaboration, D. Buskulic et al., Phys. Len. B 313 
( 1993) 520; 
L3 Collaboration, 0. Adriani et al., Phys. Lett. B 292 ( 1992) 
463; 
OPAL Collaboration, R. Akers et al., CERN preprint CERN- 
PPE/94-105. 
13 1 M. Chen, C. Dionisi, M. Martinez and X. Tata, Phys. Rep. 
C 159 (1988) 203; 
R. Barbieri et al., CERN-EP/89-08, Vol. 2 (1989) 121. 
141 F. Boudjema and A. Djouadi, Phys. Lett. B 240 (1990) 485. 
151 EM. Renard, Nucl. Phys. B196 (1982) 93; 
A. Barroso, F. Boudjema, J. Cole, and N. Dombey. Z. Phys. 
C28 (1985) 149. 
[6] D.A. Dicus, S. Nandi, and J. Woodside, Phys. Lett. B 258 
(1991) 231. 
[71 J.E. Kim and U.W. Lee, Phys. Lert. B 233 ( 1989) 496. 
[ 81 G.E Giudice, Phys. Lett. B 251 ( 1990) 460. 
19 1 L3 Collaboration, B. Adeva et al., Phys. L.ett. B 252 ( 1990) 
525; 
L3 Collaboration, 0. Adriani et al., Phys. Rep. 236 (1993) 
I. 
[ lo] L3 Collaboration, 0. Adriani et al., Phys. Lett. B 297 ( 1992) 
469. 
The limit on /3 given in this paper should be multiplied by a 
factor of two. It was obtained using an event generator based 
on the same program which was employed to calculate the 
numerical results reported in A. Barroso, P Nogueira, and 
J.C. Romao, Phys. Lett. B 196 ( 1987) 547. This program 
contained an error which caused it to overestimate the effect 
of non-zero p on the cross section by a factor of 4 (J.C. 
Romao, private communication). In terms of the notation 
used in the text, p may be identified with h& in the limit 
AZ --t co. 
[ 1 l] L3 Collaboration, B. Adeva et al., Nucl. Inst. Meth. A 289 
(1990) 35. 
[ 121 R. Bizzarri et al., Nucl. Inst. Meth. A317 ( 1992) 463. 
[ 13) L3 Collaboration, 0. Adriani et al., Phys. Lett. B 292 ( 1992) 
463. 
[ 141 R.E. Shrock in Review of Particle Properties, Phys. Rev. D 
50 (1994) 1385. 
[ 151 H. Grotch and R.W. Robinett, Z. Phys. C 39 (1988) 553. 
[ 161 T.M. Gould and I.Z. Rothstein, Phys. Lett. B 333 ( 1994) 
545. 
[ 171 X. Krakauer et al., Phys. Lett. B 252 (1990) 177. 
[ 181 R. Escribano and E. Masso, Nucl. Phys. B429 ( 1994) 19. 
[ 191 A.M. Cooper-Sarkar et al., Phys. I&t. B 280 (1992) 153. 
[20] D. Choudhury and S.D. Rindani, Phys. Lett. B 335 ( 1994) 
198. 
[21] U. Baur and E.L. Berger, Phys. Rev. D47 (1993) 4889. 
[22] CDF Collaboration, E Abe et al., Fermilab preprint PUB- 
94/304-E, submitted to Phys. Rev. J_ett.; 
S. Errede in Proceedings of the XXVII International 
Conference on High Energy Physics, July 20-27, 1994, 
Glasgow, Scotland, in press; 
see also CDF Collaboration, E Abe et al., Fermilab preprint 
PUB-94/244-E, submitted to Phys. Rev. D. 
